Abstract. Stevia rebaudiana Bertoni from Asteraceae family is commercially valuable for its steviol glycosides (SGs) contents, which is 300 times sweeter than commercial sugar. The bottleneck in Malaysia is the lack of suitable stevia varieties that are able to thrive well under her climatic conditions and still produce high SGs. Mutation induction including gamma irradiation is effective in generating genetic variations and developing new plant varieties with desired traits. This study was aimed to determine the effects of acute gamma irradiation on phenotypic changes and enhancement of SGs contents of Stevia rebaudiana Bertoni variety AKH L1 (herein after will be designated as AKH L1). In vitro shoot tip explants of AKH L1 were subjected to a gamma doses regime of 10Gy to 50Gy, following which phenotypic changes of the irradiated explants and subsequent regenerated plantlets were observed. All irradiated explants exhibited different survival rates, with the lowest at 9.33±8.33% when subjected to 50Gy, while all the control (non-irradiated explants) survived. The LD 50 was found to be at 23Gy. Subsequent irradiation of 900 shoot tip explants at 23Gy, produced 468 surviving shoot tips, which were all capable to develop and successfully sub-cultured until the fourth generation, M 4 . These M 4 in vitro mutant plantlets exhibited significant increase in the numbers of leaf (16.07±5.19) and average leaf size (1.12±0.26cm x 0.54±0.15cm). HPLC analysis performed in parallel further revealed the mutant plants contained higher concentrations of stevioside (387.04ppm), rebaudioside A (670.18ppm) and rebaudioside D (106.26ppm) compared to the non-irradiated plantlets, which exhibited 96. 87, 194.42 and 28.25ppm, respectively. 
INTRODUCTION
Stevia rebaudiana Bertoni, a perennial sweet herb belongs to the family Asteraceae, is one of the 154 members of the genus Stevia. This plant is the most important source of non-caloric natural sweeteners, and is mainly known as "Sweet Weed', "Sweet Leaf", "Sweet Herbs" and "Honey Leaf". The property of the species that called attention to the plant is the intense sweet taste of the leaves and aqueous extracts (Uddin et al., proportions of SGs are stevioside and rebaudioside A, and they have been extensively used in the food and beverage industry. Stevioside traditionally makes up the majority of the sweetener which comprises 60-70% of the total glycosides content and has been evaluated as being 110-270 times sweeter than sugar (Dubois, 2000) . It is believed to give a somewhat bitter aftertaste, or reported as a "licorice" taste or lingering effect (Carakostas et al., 2008) . Rebaudioside A (30-40% of total sweet content) is of particular interest as it is 180-400 times sweeter than sugar and has more pleasant sweet taste and no bitter aftertaste (Carakostas et al., 2008) . Therefore, a higher ratio of rebaudioside A to stevioside indicates a better sweetness quality, and is hence, preferred as reported by Yadav et al. (2011) . Jain (2010) proposed that mutation breeding was preferred over traditional breeding methods and genetically modified organisms (GMO) in the past few years. This is because multiple traits mutants can be isolated in mutation induction, but only single trait can be introduced into the crop in a transgenic way. Also, mutation induction can help to establish mutant lines range and determine trait specific genes in order to create molecular gene database, for molecular and functional genomics study and improve bioinformatics for future plant varieties development (Jain, 2010) . Radiation treatment of plants had been reported as one of the most familiar methods for induction of plant mutations (Oladosu et al., 2016) . The newly developed mutant varieties were useful in developing new plant varieties as well as for functional studies of genes Tanaka et al., 2002; Shikazono et al., 2003) .
In Malaysia, stevia is not recognized as a commercial crop due to lack of suitable variety when it was first introduced in the mid-1970s (Armizatul et al., 2009) . Stevia is a short day plant with a critical day length of at least about 13 hours (Lester, 1999) . This is in line with Armizatul et al. (2009) report that stevia plant exhibited reduced vegetative growth and lower steviosides content when the day length in Malaysia was less than the critical 13 hours. Several improvements in crop quality and bioactive metabolites production through induced mutagenesis have been reported such as rice with low amylase and protein contents for diabetes people (Chen et al., 2006) , maize with better protein contents (Tomlekova, 2010) , and cassava with increased amylase content (Ceballos et al., 2008) . reported higher stevioside contents were obtained from in vitro shoots from irradiated seeds of stevia. With these promising results, induced mutagenesis has potential to be applied on stevia to develop new mutant varieties that are suitable for growing under Malaysia's climatic condition and increases its potential as a viable crop plant. SGs content is the key selling point for stevia, and hence, increasing or improving the yield of SGs is crucial. There is still limited report regarding research on the effect of gamma irradiation on the accumulation of SGs contents of stevia in Malaysia. Hence, the main objective of this study was to create new varieties of stevia with high particular types of sweet glycosides via acute gamma irradiation suitable for growing in Malaysia.
MATERIALS AND METHODS

Plant materials preparation. One-month-old
potted Stevia rebaudiana Bertoni AKH L1 propagated from stem cutting were bought from nursery located at Denai Alam, Selangor (3.153028, 101.520538). The sterilization methods employed for in vitro plants initiation using potted stevia plants were slightly modified from Nurhidayah et al. (2014) . Young, actively growing shoots were collected from one-month-old potted AKH L1 plants. Nodes measuring 2 cm were chosen as explants where each was cut and placed under running tap water for 20 minutes to remove traces of soil and dirt. Prior to treatments, the explants were shaken with 2 mg/L fungicide (Ridomil) for 5 minutes and rinsed thrice with distilled water. Under aseptic condition, the explants were surfaced sterilized with 70% (v/v) ethanol for 30 seconds, followed by 5% (v/v) commercial sodium hypochlorite for 15 minutes. Then, the explants were rinsed with sterile distilled water for four times and dried with sterile blotting paper.
Shoot induction and multiplication. Shoots induction was initiated using surface sterilized nodal explants cultured on full strength Murashige and Skoog (MS) basal medium (Murashige & Skoog, 1962) containing 30 g/L sucrose and solidified with 7.5 g/L of agar (Gelrite) supplemented with 1 mg/L 6-benzylaminopurine (BAP). The pH of the medium was adjusted to 5.8 before autoclaving at 121°C for 15 minutes. The cultures were incubated at 24±2°C with a 16 hours photoperiod and allowed for regeneration and multiplication for two weeks. Two types of explants (shoot tip and nodal segment) were used to determine which explants was more suitable for micropropagation. All cultures were examined after one month of incubation for the following parameters: shooting percentage, initiation time (day), number of shoot, shoot length and number of leaf. The regenerated shoots were cut, and shoot tips with four leaflets were placed on MS medium supplemented with 1 mg/L BAP. All experiments were repeated twice.
Acute gamma irradiation. One-week-old AKH L1 shoot tips with four leaflets were irradiated with gamma rays at different doses of 0, 10, 20, 30, 40, and 50Gy using the Malaysia Nuclear Agency (MNA) Gamma Cell Facility, Bangi, Selangor, Malaysia at different doses of the source of gamma rays was Caesium
137
. Each experiment constituted 5 replicates per dose, with 5 explants per replicate. The whole experiment was repeated twice. The irradiated explants were cultured on basal MS medium and incubated at 24±2°C with a 16 hours photoperiod. After 4 weeks of culture, data were taken based on percentage of survival, length of explants, number of new shoots formed and number of leaves. The lethal dose, LD 50 was calculated based on the percentage of survival, whereby further acute irradiation was carried out at the selected LD 50 dose. The newly regenerated shoots were subcultured up to M 4 generation for selection of steviol glycosides content.
Plant leaf extract preparation. The steviol glycosides content were analyzed for both M 4 generation of irradiated and non-irradiated plantlets. The plant extracts preparation methods used were slightly modified from Abou-Arab et al. (2010) . The leaves were randomly picked and dried under room temperature ranging from 25±2°C on the bench-top in the laboratory for three days. All the dried irradiated and nonirradiated stevia leaves were, separately, grounded into powder form by using mortar pestle. Approximately 0.4g of powdered leaves was extracted in 10 ml of distilled H 2 O in tubes placed in a beaker of water and allowed to boil for 15 minutes. The crude extracts containing steviol glycosides were cooled to room temperature for 5 minutes, and then filtered through Whatman filter paper No. 1. The filtrates were freeze-dried using the VirTis ® BenchTop TM "K" Series Freeze Dryers (SP Industries, USA) for two days and stored at 4°C in airtight bottles.
Steviol glycosides analysis. Dried leaf extracts
were subjected to High Performance Liquid Chromatography (HPLC) analysis. The HPLC system used was an Agilent 1260 Infinity (Agilent Technologies, CA, USA) equipped with an auto sampler, quaternary pump and a diode array detector. The HPLC method was performed using an Agilent Poroshell 120 C18 column (3.0 × 50 mm, particle size 2.7 µm) and a UV detector set at 210 nm. Separation was done with a ratio of ultrafiltration 80/20 H 2 O:acetonitrile, set to a flow rate of 0.8 mL/min. The standards consisted of stevioside, rebaudioside A and rebaudioside D were run on the HPLC system and the retention time for each was recorded. Identification of stevioside, rebaudioside A and rebaudioside D in the plant leaf extracts were calculated by comparing the retention time of the samples with the standards. The results obtained for each sample were expressed in parts per million (ppm).
Data analysis. Each experiment was repeated
twice and the data represented the means of three experiments. Statistical analyses of mean values, standard deviation (±) and significant difference were carried out by using IBM-SPSS software Window version 20. The data were subjected to One-Sample T Test or One Way Analysis of Variance (ANOVA) analysis and the means were compared by using Duncan's Multiple Range Test (DMRT) at significance p<0.05.
RESULTS AND DISCUSSION
Establishment of in vitro stevia plantlets.
Stevia rebaudiana Bertoni variety AKH L1 can be propagated by stem cutting, seed propagation and micropropagation (tissue culture method). It had been reported that seed propagation was not effective due to low fertility (Tadhani et al., 2006) and self-incompatibility of its flowers, while propagation through stem cutting has limitation on account of the low number of new plants (Miyagawa et al., 1986) . Thus, by considering future needs of plant materials, micropropagation was chosen for rapid multiplication of stevia in this experiment. In vitro stevia plantlets were established from nodal explants excised from young, actively growing shoot tips of glasshouse grown, one-month-old potted AKH L1. The explants were sodium hypochlorite-ethanol sterilized prior culturing on MS medium supplemented with 1 mg/L BAP. Past findings by Thiyagarajan and Venkatachalam (2012) found that MS medium supplemented with 1 mg/L BAP was suitable for shoots multiplication of stevia. Thus this concentration of BAP was used in this study to mass propagate the AKH L1 plantlets. Shoots regenerated from nodal explants were observed after 7 days of culture, and newly regenerated plantlets were formed after one month. Shoot tips were cut and sub-cultured on fresh medium monthly to allow for regeneration (Figure 1 ). Shoot tips were chosen as explants for mass propagation of stevia because it showed significantly (p<0.05) higher shooting percentage (97.78%) and shorter initiation time (3.33 days) compared to nodal explants. Figure 2 clearly showed that shoot tip explants were better than nodal explants with respect to the number of shoots formed, shoot length increment and number of leaves produced. The tallest shoots (10.50±2 cm) were induced from shoot tip explants which produced significantly greater numbers of leaf (20.67±3.06) as summarized in Table 1 . These observations were similar to ElMotaleb et al. (2013) data whereby shoot tip explants also proved to perform better than nodal explants in terms of shooting percentage, shoot length achievement and shoot initiation time. Both Patil et al. (1996) and Mubarak et al. (2008) also reported that shoot tip explants gave the highest number of plantlets than nodal explants in micropropagation of stevia. This could probably be due to lower endogenous phytohormonal level in the nodes compared to the shoot tips. Introduction of BAP in the medium was found to elevate phytohormone concentration which enhanced shoots proliferation, and cutting off the shoot tips promoted lateral buds formation and rapid regeneration (El-Motaleb et al., 2013) . Optimization of subculture cycle is crucial in order to obtain higher plantlets biomass with regenerative potency. However, information on the effects of repeated sub-culturing cycles on the rate of shoots multiplication and regeneration of in vitro stevia plantlets is scanty. In this study, it was observed that repeated subculturing cycles resulted in stunted growth of the regenerated plantlets ( Figure 3 ). Gradual yellowing in some leaves were observed after repeated subculturing for 12 cycles. This indicated that the shoot cultures reduced their regeneration capacity (Ramanand, 2006) . Somaclonal variations have been long known to be induced during dedifferentiation and regeneration of plants in tissue cultures (Filipecki & Malepszy, 2006) . Rapid multiplication and prolonged culturing may affect genetic stability and thus increased the frequency of somaclonal variation in in vitro culture (Petolino et al., 2003) . The result paralleled Nakasha et al. (2016) findings whereby reduction in regenerative capacity was observed in Chlorophytum borivilianum after repeated subculture cycles of their callus cultures. Thus, frequent subculturing does seem to affect the stevia plantlets growth, hence is not recommended as it may compromise the quality of the in vitro cultures.
Acute irradiation of in vitro stevia plantlets. In any mutational induction studies, it is critical to determine that the dose of mutagen applied is able to induce desirable alterations with minimal unintended effects. The effective dose of mutagen used will ensure the success of mutational induction for desirable outcomes. Therefore, in order to obtain the effective dose of mutagen used, fixation of LD 50 doses was deemed crucial before massive irradiation of similar materials was performed (Rajarajan et al., 2016) . Lethal dose, LD 50 , was referred to a dosage at which greatest frequency of mutation occurred with half of the planting materials survived, while half died (Kangarasu et al., 2014) . This LD 50 value varies according to plants, genera and cultivars (Tah, 2006) . In this study, the LD 50 of in vitro shoot tips of stevia plantlets was determined to be 23Gy (Figure 4 ). There were significant differences (p<0.05) in the survival rates amongst the stevia shoots subjected to lower and higher doses of acute gamma irradiation. The survival rate was inversely proportional to the gamma irradiation dose. All the non-irradiated explants (control) survived while explants treated with 50Gy exhibited the lowest survival rate (9.33 ± 8.33%). Table 2 depicts the mutagenic effects of different doses of gamma rays on in vitro growth of AKH L1 shoots and their survival rates. The data highlights that the gamma rays imposed significant effect on the regenerated shoots' length. The control exhibited the highest length (2.53±0.36 cm) while not much difference in shoot length was seen for explants exposed to 10 Gy (2.44±0.67 cm). Nevertheless, gamma doses greater than 30Gy did significantly reduce the length of the regenerated shoots compared to the control. It was more pronounced at 40Gy and 50Gy which could be due to higher sensitiveness of stevia to higher doses ( Figure 5 ). This observation paralleled Jamie's (2002) data which showed that the mutation rate increased when the amount of exposure to irradiation and intensities of gamma rays used were increased. Inhibition of seeds germination, seedlings growth and other biological responses were frequent occurrences observed in plants subjected to high gamma doses (Wi et al., 2007) . Preussa and Britta (2003) attributed such inhibitive effects to be caused by cell cycle arrest at G2/M phase during somatic cell division and/or various damages in the entire genome.
Likewise, in this study, the highest number of regenerated shoots with mean value of 1.84 was observed in the control and no new shoots were formed at 40 and 50Gy. Unfortunately, the number of leaves was negatively affected by the gamma doses. The non-irradiated regenerated shoots (control) showed greater number of leaves at 16.52±5.05. At 50Gy, necrosis of explants and poor development of regenerated leaves (2.81±2.47) were observed. Increasing gamma irradiation dosage resulted in reduced survival rate, length of regenerated shoots, number of new shoots formed and the number of leaves formed. The radiosensitivity test for AKH L1 was successfully performed with a LD 50 value of 23Gy. Table 3 summarized the explants establishment percentage and the growth of control and irradiated stevia plantlets after four generations. It is recommended and a common practice for irradiated plantlets to be subjected to at least four generations/cycles of sub-culturings in order to screen off potential chimeras and to select for stable mutants. Therefore, M 4 generation was chosen to maximize the probability of obtaining stable mutants. Each subculturing cycle was counted as one generation as the excised explants regenerated into new plantlets. Irradiated stevia in vitro plantlets exhibited significantly (p<0.05) longer shoot length of 10.16±1.85 cm, higher number of leaves (16.07±5.19) and greater leaf size (1.12±0.26 cm x 0.54±0.15 cm) compared to non-irradiated in vitro plantlets. It can be said that the growth of LD 50 = 23 ± 1.61GY stevia plantlets were significantly improved when exposed to gamma irradiation of 23Gy (LD 50 ). Similar observations were reported by Yadav (2016) where there was significant increase in leaf numbers of Canscora decurrens Dalz plants exposed to low irradiation doses than the control plants.
Such "low dose-high growth" correlation was also observed in several plants such as Molluccella lavis (Minisi et al., 2013) , Cucurma longa (Ilyas & Naz, 2014) , Hibiscus sabdariffa (Sherif & Sarwat, 2005) , and Dracaena serculosa (Sakr, 2005) . A broad range of negative activities at plant physiological levels such as water exchange, leaf gas exchange, enzymatic and hormonal imbalance, and alteration in protein synthesis were triggered at higher doses of gamma rays (Hameed et al., 2008) . The data presented was mean±SD of n=300, and the experiment was repeated twice. Superscripts within the means (a-b) indicate significant difference among means (p<0.05 using One-Sample T Test).
Determination of steviol glycosides (SGs) using high performance liquid chromatography (HPLC) analysis. An isocratic HPLC method was validated to determine the concentration of stevioside, rebaudioside A and rebaudioside D as described by Nishiyama et al. (1992) . The retention times of the stevioside, rebaudioside A and rebaudioside D standards were recorded at 3.98 mins, 3.96 mins, and 3.56 mins, respectively (Table 4) .
A standard curve was used to determine the concentration of each steviol glycoside in the irradiated and non-irradiated stevia leaf extracts. Based on Figure 6 , the concentration of each steviol glycoside tested was higher (about three folds increment) in irradiated plantlets compared to the control leaf extract. From the HPLC results, a new stevia variety of AKH L1 was characterized with higher stevioside (387.04 ppm), rebaudioside A (670.18 ppm) and rebaudioside D (106.26 ppm).
Rebaudioside A and stevioside made up the majority proportion of the total steviol glycosides contents whereby the ratio of rebaudioside A to stevioside determined the sweetness quality of stevia (Yadav et al., 2011) . Similarly, reported that gamma irradiation at 15Gy produced slightly enhanced stevioside contents in their irradiated plants. Other reports, however, claimed that increasing gamma ray doses induced higher mutation rates while at the same time led to significant reduction in stevioside contents in the stevia plants (Predieri, 2010; Ali et al., 2015) . Such conflicting findings probably could be due to different varieties of stevia used in the experiments, and the different environment and physical conditions where the experiments were conducted. 
CONCLUSION
Acute gamma irradiation was found to be a clean and effective method to induce mutations in Stevia rebaudiana varieties. All irradiated in vitro AKH L1 plantlets exhibited different survival rates, with the lowest at 9.33±8.33% subjected to 50Gy. The high irradiation dose produced plants exhibiting poor growth and development (necrotic leaves, reduced shoot length and number of leaves). Nevertheless, determination of the LD 50 provided an effective dose at 23Gy whereby irradiated plantlets showed significant improvement in phenotypic characteristics and steviol glycosides contents, especially stevioside and rebaudioside A. The data obtained can be further applied to develop new stevia plants with other improved features using acute gamma irradiation.
